We report here the isolation of a novel acid-labile yellow chromophore from the enzymatic digest of human lens proteins and the identification of its chemical structure by liquid chromatography-mass spectrometry, liquid chromatography-tandem mass spectrometry, and 1 H, 13 C, and two-dimensional NMR. This new chromophore exhibited a UV absorbance maximum at 343 nm and fluorescence at 410 nm when excited at 343 nm. Analysis of the purified compound by reversed-phase HPLC with in-line electrospray ionization mass spectrometry revealed a molecular mass of 370 Da. One-and two-dimensional NMR analyses elucidated the structure to be 1-(5-amino-5-carboxypentyl)-4-(5-amino-5-carboxypentylamino)-3-hydroxy-2,3-dihydropyridinium, a cross-link between the ⑀-amino groups of two lysine residues, and a five-carbon ring. Because this cross-link contains two lysine residues and a dihydropyridinium ring, we assigned it the trivial name of K2P. Quantitative determinations of K2P in individual normal human lens or cataract lens water-soluble and water-insoluble protein digests were made using a high-performance liquid chromatograph equipped with a diode array detector. These measurements revealed a significant enhancement of K2P in cataract lens proteins (613 ؎ 362 pmol/mg of water-insoluble sonicate supernatant (WISS) protein or 85 ؎ 51 pmol/mg of WS protein) when compared with aged normal human lens proteins (261 ؎ 93 pmol/mg of WISS protein or 23 ؎ 15 pmol/mg of watersoluble (WS) protein). These data provide chemical evidence for increased protein cross-linking during aging and cataract development in vivo. This new cross-link may serve as a quantitatively more significant biomarker for assessing the role of lens protein modifications during aging and in the pathogenesis of cataract.
of yellow chromophores and non-tryptophan fluorescence (1) (2) (3) (4) . These biochemical changes are all enhanced in senile and brunescent cataractous lenses. Glycation of lens proteins has been suggested to be a major protein modification in older lenses, and indeed diabetic patients have an increased risk of cataract formation (5) . The human lens is largely composed of elongated fiber cells that are derived from epithelial cells located in a thin layer on the anterior surface. The innermost layers of the lens are formed during embryonic development and remain throughout life (6) . Due to the lifelong stability of the lens crystallins, they can continuously accumulate damaging modifications. In time, these modifications may be responsible for the protein aggregation and protein cross-linking seen in age-onset cataracts (7) (8) (9) . Furthermore, a dramatic, visible increase in protein-bound chromophores occurs during brunescent cataract formation, especially in tropical countries (10, 11) . However, the chemical mechanisms responsible for the development of lens coloration and cataract remain unknown.
In the past two decades, enormous progress has been made in our understanding of the Maillard reaction and its contribution to age-related changes and complications of diabetes. Maillard chemistry is initiated by the non-enzymatic reaction of reducing sugars (12) , dicarbonyl compounds or the degradation products of ascorbic acid (13, 14) with proteins. The intermediates, either Schiff bases and/or Amadori compounds, then undergo a series of further reactions through dicarbonyl intermediates to form advanced glycation end-products (AGEs) (15) . A major consequence of AGE accumulation is the formation of covalently cross-linked proteins, especially in long-lived tissue proteins. AGE cross-links may thus contribute to the pathophysiological changes seen in aging, cataract formation, and the long term complications of diabetes (16, 17) . Although some cross-links, such as pentosidine (18, 19) , LM-1 (vesperlysine A) (20, 21) , MOLD/GOLD (22, 23) , and glucosepane (24) , have been detected in human lens tissues, their quantities are rather low even in cataracts. Therefore, the major cross-links may not have been isolated, possibly because they do not survive acid hydrolysis of the proteins.
In this study, we report the isolation and characterization of a novel lysine-lysine cross-link, 1-(5-amino-5-carboxypentyl)-4-(5-amino-5-carboxypentylamino)-3-hydroxy-2,3-dihydropyridinium (K2P), from enzymatic digests of aged and cataract human lens proteins. In addition, quantitative determination of this cross-link in individual lenses was performed in both normal human lenses and brunescent cataract lenses. The age-dependent increase of this cross-link in normal human lenses and its significant enhancement in cataract lenses sup-port the possibility that glycation plays an important role in lens proteins insolubilization and precipitation during aging and cataract development.
EXPERIMENTAL PROCEDURES
Materials-All reagents were obtained in the highest purity available from Sigma. De-ionized water (18-megohm resistance or greater) was used for all experiments. Phosphate buffers were treated with 10 g/liter Chelex resin (200 -400 mesh, Bio-Rad) overnight to remove trace metal ion contaminants as described by Beyer and Fridovich (25) , and filtered through a 0.2-m nitrocellulose filter before use.
Normal human lenses were obtained as a kind gift from the Heartland Lions Eye Tissue Bank (Columbia, MO) following cornea removal. All the lenses were clear, without obvious cataracts, and the eyes were screened for infectious diseases. The lenses were stored individually, frozen at Ϫ70°C until use. Brunescent cataracts were collected from hospitals in Rajkot, India, and stored frozen at the Patney Eye Clinic in Rajkot, India. They were transported by hand to Columbia, MO, where they were stored individually, frozen at Ϫ70°C until use.
Preparation of Lens Proteins-Aged normal human lenses and early stage brunescent cataract lenses (dark yellow to tan in color) were decapsulated, pooled, and homogenized in deionized water (1 ml per lens) with a hand Dounce homogenizer. The resulting homogenate was centrifuged at 27,000 ϫ g for 20 min. The 27,000 ϫ g pellet was obtained and washed three times with an equal volume of deionized water. These supernatants were combined and designated the WS fraction. The final pellet was resuspended again in deionized water and sonicated in ice for 5 min in a Heat Systems-Ultrasonics Inc. Sonicator (Model W-375) at a power setting of 4 and a duty cycle of 40%. The solubilized protein was recovered after centrifugation at 27,000 ϫ g, and the pellet was resuspended and sonicated again. The second solubilized supernatant, when combined with the first, represented 95-100% of the total WI protein and was designated the WI sonicate supernatant (WISS), as described previously (26 -28) .
Newborn calf lens proteins were used as a control and prepared from the outer cortex of thawed, decapsulated lenses by removing the outer 1.0 cm of tissue with a cork borer. This tissue was homogenized in deionized water and centrifuged at 27,000 ϫ g. The supernatant was dialyzed extensively against 5.0 mM Chelex-treated phosphate buffer (pH 7) and used directly. The protein content was determined using the BCA assay as described by the manufacturer (Pierce, Rockford, IL).
Proteolytic Digestion of Aged Normal Human Lens or Cataract Lens Proteins-Proteolytic digestion was carried out by a modification of the method of Luthra et al. (29) . Typical preparations contained protein from 150 to 200 aged or cataract human lenses, each protein fraction was adjusted to 10 mg/ml in 5.0 mM Chelex-treated phosphate buffer, pH 7.0, and 3.6 mg of porcine intestinal peptidase (Sigma P7500) was added per 100 mg of protein. The digestion mixture was then sterile filtered into a sterile tissue culture flask, bubbled with argon, and incubated for 24 h at 37°C in the dark. After 24 h, a solution of Pronase (Sigma P5147) was added through a syringe filter, to a level of 3.6 mg of Pronase per 100 mg of protein. Digestion was continued for 72 h, during which Pronase was added two additional times after 24 and 48 h, respectively. Following adjustment of the digest to pH 8.5 with 1.0 M NaOH, leucine aminopeptidase (Sigma L 5658) was added to a final concentration of 40 units per 100 mg of protein. The digest was sterile filtered, bubbled with argon, and incubated for 24 h at 37°C. After adjusting the pH of the digest to 7.6 with 1.0 M HCl, it was sterile filtered again, bubbled with argon, and further proteolysis was carried out by the sequential sterile addition of 5.0 mg of trypsin per 100 mg of protein (Sigma T8642), 5.0 mg of chymotrypsin per 100 mg of protein (Sigma C4149) followed 24 h later by the addition of 3.6 mg of proteinase K (Sigma P6556) per 100 mg of protein. Calf lens protein control and corresponding enzyme blanks incubated without added protein were also incubated and analyzed on several occasions. Amino acid analysis was used to evaluate the efficiency of the enzyme digestion by comparing the total free amino acids in a 12% sulfosalicylic acid supernatant to that of an equivalent aliquot acid hydrolyzed in 6.0 N HCl, for 20 h.
Isolation and Purification of K2P from Human Lenses-WI lens proteins were separated from 150 pooled aged normal human lenses and from 350 types I and II cataract lenses from India, these were classified based on the extent of browning of the lens, and subjected to extensive enzymatic digestion. The digest was applied to Bio-Gel P-2 size exclusion chromatography, and the early eluting peak at 330 nm (Peak 1) was concentrated and multiple aliquots subjected to HPLC. The final product was judged pure by virtue of a single ninhydrinpositive spot that corresponded to a single UV and fluorescent spot on Silica Gel 60 F 254 aluminum medium thin layer chromatography (Merck) and a single UV HPLC peak under various chromatographic conditions.
Bio-Gel P-2 Size-exclusion Chromatography-The total digest from ϳ2 g of either aged or cataract WISS protein was concentrated and subjected to gel filtration chromatography on a Bio-Gel P-2 column (5 ϫ 76 cm, bed volume 1.5 liter), with 25 mM formic acid as eluant. Fractions of 14.5 ml were collected at a flow rate of 1 ml per minute and monitored for absorbance at 330 nm, for fluorescence at excitation/emission ϭ 350/450 nm, and for amino acid content by the fluorescamine assay (30) . An enzymatic digest of calf lens protein (control) was run under the same conditions. Peak fractions were pooled according to the A 330 readings. Five peaks (designated P1-P5) were obtained, and peak 1 was used for the isolation of the novel cross-link in this study.
High-performance Liquid Chromatography-Peak 1, isolated from several pooled aged and cataract WISS protein digests by Bio-Gel P-2 column, was concentrated and injected into a preparative C 18 reversedphase column (Prodigy 21.2 ϫ 250 mm, Phenomenex, Torrance, CA) using a Shimadzu HPLC system (Shimadzu Scientific Instruments, Inc., Lenexa, KS) with Model LC-6AD pumps, an SCL-10A controller and an SPD-M10A photodiode array detector. The column was eluted for 2 min with 5% (v/v) acetonitrile in water containing 0.1% (v/v) heptafluorobutyric acid (HFBA), at a flow rate of 8 ml per minute, and then with a linear gradient from 5% to 45% (v/v) acetonitrile in 0.1% HFBA over 40 min, followed by a linear increase to 100% acetonitrile over the next 5 min. The eluant from the column was monitored with an on-line diode array detector.
One peak, which had a maximum absorbance at 343 nm, was collected and further purified over a semi-preparative reversed-phase Prodigy column (10 ϫ 250 mm). The column was eluted for 2 min with 25 mM formic acid-water (buffer A), at a flow rate of 1.8 ml per minute, and then with a linear gradient to 25% buffer B (water/acetonitrile ϭ 1/1, v/v, with 25 mM formic acid) over 25 min, followed by a linear increase to 50% buffer B over the next 8 min and continued to 100% buffer B over the next 5 min. The eluant from the column was monitored with an on-line photodiode array detector. The A 343 peak was concentrated and purified once again with the same solvent system but with an analytical Prodigy RP-HPLC column. The final purification was achieved by using an analytical-reversed phase Prodigy column (4.6 ϫ 250 mm) with the same solvents and gradient as the preparative HPLC mentioned above. After extensive drying with a speed vacuum, 1.3 mg of K2P was obtained.
Spectroscopy-Absorption spectra were recorded with a Cary 1E spectrophotometer (Varian Analytical Instruments, Walnut Creek, CA) connected to a Dell PC computer. Fluorescence spectra were recorded with a Hitachi F-2500 Fluorescence spectrophotometer (Hitachi Instruments Inc.).
Samples for NMR spectroscopy were dissolved in 300 l of C NMR, DEPT, COSY, HMQC, and HMBC at 25°C with a Bruker (Karlsruhe, Germany) model ARX-500 MHz spectrometer. For an external standard, 99.9% D 2 O with 0.75% 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt was used. For 13 C NMR spectroscopy, the sample was scanned for 4 days.
LC-MS and LC-MS/MS were performed with an in-line HPLC-TSQ 7000 mass spectrometer (Thermo Finnigan, San Jose, CA) equipped with an electrospray (ESI) interface. The LC system consists of a quaternary pump P4000, an auto sampler AS3000, and a photo diode array detector UV6000LP. A Phenomenex LUNA 5 C 18 (2) 250-ϫ 4.6-mm column was used for sample analysis. The column was eluted for 2 min with 25 mM formic acid-water (buffer A), at a flow rate of 0.6 ml per minute, and then with a linear gradient to 40% buffer B (100% acetonitrile in 25 mM formic acid) over 40 min, followed by a linear increase to 100% buffer B over the next 5 min. The eluant from the column was also monitored with an on-line photodiode array detector.
Data were processed with the software pack Xcalibur 1.2. The masses of the parent and daughter ions in the LC-MS and LC-MS/MS experiments described below were measured within a Ϯ0.5-Thompsons (Th) window centered on the mass-to-charge ratio of interest. The collision energy used for MS/MS experiments was either 25 or 70 eV.
Quantitative Determination of K2P in Individual Normal Human Lenses and Brunescent Cataract Lenses-Thirty normal human lenses, ranging in age from 2 to 75 years, and 10 single brunescent cataract lenses (type I and II, classified based on the extent of browning of the lens) were decapsulated and homogenized individually in 0.5 ml of deionized water. The homogenate was centrifuged at 27,000 ϫ g for 20 min, the supernatant was removed, and the pellet was washed twice with 0.5 ml of deionized water. The 27,000 ϫ g pellet obtained was washed once again with 1 ml of deionized water and resuspended in 2.5 ml of deionized water. It was sonicated in a water bath for 6 min with a Heat Systems-Ultrasonic Inc. Sonicator (Model W-375) at a power setting of 4 and a duty cycle of 40%. The solubilized protein was recovered after centrifugation at 27,000 ϫ g, representing at least 95% of the total WI fraction. The supernatants were combined and considered the WS fraction. The protein content of both WS and WI fractions was determined using a BCA assay kit (Pierce).
Both the WS and WI fractions were submitted individually to enzymatic digestion, as described above. The final digests of each single lens were applied to a small size-exclusion Bio-Gel P-2 chromatography (1 ϫ 25 cm, bed volume 19.6 ml), with 25 mM formic acid as eluant. Fractions of 0.5 ml were collected and monitored for absorbance at 330 nm and for fluorescence at 450 nm when excited at 350 nm. Based on 330-nm readings, peak 1 was pooled and concentrated to 0.5 ml. Peak 1, 100 l (20% of the total), was injected onto an analytical Prodigy HPLC column (4.6 ϫ 250 mm, Phenomenex) for quantitative determination of K2P based on the absorbance at 343 nm. The peak area was converted to picomoles/mg of lens protein according to a standard calibration curve of purified K2P.
RESULTS

Isolation and Purification of K2P from Human Lens Protein
Digests-A pooled cataract lens WISS protein digest (Fig. 1A) and a calf lens protein digest (panel B) were fractionated by Bio-Gel P-2 gel filtration chromatography (Fig. 1) . Five peaks were pooled from the cataract lens WISS protein digest. Very few chromophores or fluorophores were detected from the calf lens protein digest, indicating that the cataract lens chromophores were not produced during the lengthy enzymatic digestion process or contributed by the added enzymes per se.
Peak 1 was concentrated and submitted to three additional purification steps by using preparative (Fig. 2A) , semi-preparative (panel B), and analytical (panel C) reversed-phase HPLC (Fig. 2) . The absorbance profiles at 280 and 343 nm are presented and labeled in each panel. The A 343 peak marked by an asterisk is K2P. The final purified K2P recovery was 1.3 mg from 8 -9 g of protein digest.
Structure Elucidation of K2P-The chemical structure of this novel chromophore was characterized by its absorption, fluorescence, 1 H NMR, 13 C NMR, COSY, HMQC, HMBC, NOESY, and TOCSY two-dimensional spectra and its mass spectroscopic properties. Its structure was determined to be 1-(5-amino-5-carboxypentyl)-4-(5-amino-5-carboxypentylamino)-3-hydroxy-2,3-dihydropyridinium, to which we assigned the trivial name lysine-lysine pyridinium (K2P) (see Structure 1) .
Structure of K2P-The UV absorption spectra (Fig. 3 ) showed a maximum wavelength of K2P to be 343 nm at pH 7, which was unchanged at either pH 2 or 12. The emission maximum was 410 nm when excited at 343 nm (data not shown). The 343-nm absorbance is consistent with the structure of the conjugate and depends upon the presence of the nitrogens as part of the resonance structure.
After purifications by preparative, semi-preparative, and analytical reversed-phase C 18 columns, K2P was subjected to LC-MS and MS/MS analyses using water-acetonitrile solvents with formic acid as a counter ion (Fig. 4) . As shown in panel A of After K2P was purified by using formic acid as the counter ion, the sample was subjected to 1 H and 13 C NMR spectroscopy. A proton signal at a chemical shift (␦) of 8.1 ppm appeared in the 1 H spectrum. This was likely due to residual formic acid, because when the sample was re-purified by analytical RP-HPLC with HFBA as the counter ion, the signal at 8.1 ppm disappeared. The chemical shifts (␦, ppm) for each hydrogen atom, the number of protons, and the coupling constants (J, Hz) between the indicated protons are summarized in Table I . All the protons were assigned and labeled (Fig. 5A) . 
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insets c and d, respectively. Furthermore, the integrated proton numbers and ␣, ␤, ␥, ␦, and ⑀ proton signals from the two lysine residues were assigned separately. The downfield shift of methylene protons on the ⑀-carbon (3.58 ppm, 2H) suggests that the ⑀-nitrogen atom of lysine moiety is part of a heterocycle, which is in agreement with the structure suggested. Fig. 5B (panel a) shows the distortionless enhancement by polarization transfer (DEPT-135) spectrum, and panel b shows the 13 C NMR. The sample used for 13 C NMR was purified with formic acid as a counter ion, whereas the DEPT spectrum was gathered on a sample of K2P with HFBA as a counter ion. Therefore, a 13 C signal of formic acid at 175 ppm was observed. Inset c shows the expanded signals for the two carboxyl-carbons of the lysine residues, which appear at 177.4 and 177.6 ppm, respectively. The chemical shifts (␦, ppm) for each carbon were summarized in Table I together with those of protons. DEPT is a spectral editing sequence. As shown in Fig. 5B (panel a) , DEPT-135 give a spectrum with positive CH and CH 3 signals and negative CH 2 signals. Quaternary carbons are missing from the DEPT spectrum. By the comparison of 13 C NMR and DEPT data, it is clear that C-2 was CH 2 , C-3, -5, and -6 were either CH or CH 3 and C-4 was a quaternary carbon. Based on the integration result of 1 H NMR, all of C-3, -5, and -6 can be identified as CH, but not CH 3 . Similarly, all carbon signals from the two lysine residues were assigned and labeled on the charts mentioned above.
The relationships between proton and proton, proton and carbons of H/C-2, -3, -4, -5, and -6 were considered. The H-H correlation spectroscopy (COSY) is shown in Fig. 6A , where H-3 is J-coupled to H-2 and H-2Ј, and H-6 is J-coupled to H-5 even though the cross signal between H-6 and H-5 was relatively weak due to the slow exchange of H-5 by deuterium (refer to Fig. 5A ).
The heteronuclear multiple quantum correlation (HMQC) spectroscopy was used to determine which protons of the molecule are bonded to which 13 C nuclei (or other X nuclei). As shown in Fig. 6B , the J-coupled correlation between H-2, H-2Ј and C-2, H-3 and C-3, and H-6 and C-6 can be assigned. In addition, all other cross signals once again could be assigned to two the lysine residues.
Based on the chemical shifts and the correlation between each proton and carbon, it can be concluded that position 2-CH 2 J-coupled with position 3-CH; position 5-CH J-coupled with position 6-CH as a conjugate and the heterocycle ring between the two lysine residues consisted of ⑀-N, C-2, C-3, C-4, C-5, and C-6, as shown in the structure. However, it was not certain whether the ⑀-amino group connected to C-2 or C-3, ⑀Ј-amino group of another lysine residue and/or whether the hydroxyl group (-OH) connected to the C-3 or C-4 positions. Heteronuclear multiple bond correlation (HMBC) spectroscopy was used to clarify the exact position of the ⑀ and ⑀Ј-amino group. HMBC is a modified version of HMQC and is suitable for determining the long range 1 H-13 C connectivity. By using this HMBC technique, the positions of C-2, C-3, C-4, C-5, C-6, and ⑀Ј-amino group were located. As shown in Fig. 6C, (a) crosspeaks between H-6 proton and C-2, C-4, C-5, and ⑀-carbon, (b) cross-peaks between H-2/2Ј protons and C-3, C-4, C-6, and ⑀-carbon, and (c) cross-peaks between ⑀-H protons and C-2, C-6, ␦-carbon, and ␥-carbon were observed. These results indicated that the ⑀-amino group in the heterocycle ring was adjacent to C-2 and C-6. The crucial information for the connection of the ⑀Ј-amino group to C-4, but not to C-3, was obtained from the cross-peak between protons of ⑀Ј-carbon of lysine and C-4 (Fig.  6C) . Therefore, we concluded that the ⑀Ј-amino group linked with C-4 and the hydroxyl group (-OH) linked with C-3. Considered together, the results of these structural analyses indicate that the structure of this novel yellow chromophore was 1-(5-amino-5-carboxypentyl)-4-(5-amino-5-carboxypentylamino)-3-hydroxy-2,3-dihydropyridinium.
Quantification of K2P in Normal Human Lenses and Brunescent Cataract Lenses-Purified K2P was dried under vacuum to a constant weight, and 1.3 mg of K2P was finally recovered 
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from 150 pooled aged normal human lenses and 350 pooled early stage brunescent cataract lenses. The acid stability of K2P was tested by analyzing the samples before and after acid hydrolysis. Although K2P was stable in acid solution (pH ϳ 2) during our purification process, it was totally decomposed by acid hydrolysis with 6 M HCl at 110°C for 20 h. Therefore, analyses of all the protein samples prepared from individual human lenses were carried out using our enzymatic digestion procedure.
The quantity of K2P in individual normal human lenses of different age and type I/II brunescent Indian cataract lenses, classified based on the extent of browning of the lens, was determined. The enzymatic digests of WS and WISS proteins from each individual lens were prepared. Peak 1 isolated from a small scale Bio-Gel P-2 column was analyzed by an analytical RP-HPLC with an online photodiode array detector. Typical HPLC profiles of peak 1 from individual cataract or aged normal human lens WISS digests are shown in Fig. 7 . The peak marked by an asterisk is K2P, which was confirmed by both retention time and absorption spectrum. Twenty percent of the whole peak 1 by volume was subjected to HPLC, and the quantity of K2P in individual lens was calculated as picomoles per mg of lens protein, based on the peak area according to a standard curve.
The K2P levels in normal human lens WISS protein digests are shown in Fig. 8 . Totally, 30 individual lenses of different age were analyzed. The results revealed an age-dependent increase in K2P, especially after 40 years. The highest samples from aged lenses reached ϳ400 pmol/mg of lens protein.
Furthermore, 15 aged normal human lenses ranged from 62 to 75 years old (the average was 68 years old) and 10 type I or II brunescent cataract lenses, classified based on the extent of browning of the lens, were quantitatively analyzed for K2P in both WS and WISS protein digests. As shown in Fig. 9 , the average levels of K2P in aged normal human lens WS and WISS protein digests were 22 Ϯ 15 and 260 Ϯ 93 pmol/mg of lens protein, respectively. In contrast, cataract lens WS and WISS protein digests contained 85 Ϯ 51 and 613 Ϯ 363 pmol/mg of lens protein, respectively. A large variation of K2P content was seen in the cataract WISS protein digests. In one particular case, the K2P level reached 1400 pmol/mg of lens protein.
DISCUSSION
As the human lens ages, protein-bound yellow chromophores accumulate in the lens, particularly in the lens core. Senile cataracts are characterized by the accumulation of large protein aggregates that contain increased cross-linked crystallins and protein-bound browning products. Non-disulfide protein cross-links in lens tissue are increasingly seen in aging lenses and exist at higher levels during cataract formation. The identity of the major yellow chromophores bound to human lens proteins has been pursued by several investigators, but the origin of these protein-bound compounds and their effects on protein structure remain largely unknown.
Many of these browning compounds are proposed to be AGEs, which can absorb light in the UVA region (320 -400 nm). Because UVA light that reaches the lens is 1000 times greater than UVB, the presence of these AGEs can amplify photodamage to lens proteins. As proteins become increasingly modified, they become part of the lens WI fraction. This fraction is composed of large protein aggregates that become insoluble upon homogenization. These proteins can be solubilized with urea initially, but as browning proceeds in brunescent cataracts, the aggregates can no longer be solubilized by both denaturing and reducing agents (10) . These data argue for increased protein cross-linking that prevents dissociation.
Pentosidine is the classic AGE cross-link analyzed in aged tissues. Although pentosidine is present in tissues at very low levels, it serves as a useful bio-marker for AGE formation. Because pentosidine is acid-stable and highly fluorescent, it can be readily analyzed in protein hydrolates. Most AGEs, however, are acid-labile, and it is assumed that these acidlabile AGEs make a more quantitative contribution to protein cross-linking.
To search for significant acid-labile AGE cross-links, we used an enzymatic hydrolysis method to release the modified amino acids from lens proteins. Our enzymatic digestion procedure releases at least 95% free amino acids from both aged normal human lens proteins and cataract lens proteins (26 -28) . Treatment with Pronase alone, however, produced many incompletely digested peptides. To minimize oxidative degradation of modified amino acids, the digestion was carried out under argon and in the dark at all times. Yellow absorbance was monitored at 330 nm, because this wavelength exhibited the highest non-Trp absorbance present (32) .
Bio-Gel P2 chromatography separated the yellow chromophores into five A 330 -absorbing peaks. A broad early-eluting peak, which may contain protein cross-links, represented 25 to 30% of the total A 330 absorbance. The major peak in this fraction was identified and sufficient purified material allowed the isolation of 1.3 mg of K2P, which was sufficient for NMR spectral measurements.
LC-MS/MS (Fig. 4) and NMR spectroscopy (Figs. 5 and 6) unequivocally elucidated the structure of K2P as 1-(5-amino-5-carboxypentyl)-4-(5-amino-5-carboxypentylamino)-3-hydroxy-2,3-dihydropyridinium, a cross-link between the ⑀-amino groups of two lysine residues. The formation pathway and biological functions of this cross-link in vivo are not known, but the presence of a pyridinium ring argues for glycation chemistry. This chemistry is currently under investigation. Structurally, K2P has two unusual features. One lysine ⑀-amino group is incorporated into the pyridinium ring, as seen with pentosidine, MOLD, GOLD, crossline, and vesperlysine A, however, the second lysine ⑀-amino group in K2P is attached to the ring. Also, the ring structure is not fully unsaturated. It is possible that the second lysine attaches to carbon 3 prior to ring closure, preventing the final ring dehydration step. It has been reported previously that conjugated Schiff bases (R 1 -NH-CHϭCH-CHϭN-R 2 ), derived from amino acids and malondialdehyde, give a typical absorbance maximum at 370 and 435 nm (33) . Therefore, the max of 343 nm of K2P is consistent with the structure of the conjugate and depends upon the presence of the nitrogen as part of the resonance structure. Also, the formation of a completely unsaturated pyridinium ring would decrease the max to ϳ280 nm (34).
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K2P level in individual human lens WS and WISS protein digests was quantitatively determined. The Bio-Gel P-2 sizeexclusion fractionation technique and the specific absorbance of K2P at 343 nm allowed us to determine the K2P level directly from the peak 1 (Fig. 7) . K2P levels in normal human lenses increased with age, especially after the age of 40 years (Fig. 8) . The same pattern of human lens coloration (27) the increases of other post-translational modifications of lens proteins, e.g. by UV filters (35-37) after middle age have been previously reported. A lens barrier hypothesis proposed by Truscott allows an explanation for these phenomena (38) . Significantly higher levels of K2P were detected in cataract lenses and in water-insoluble proteins as compared with water-soluble proteins (Fig. 9) suggesting this cross-link may have a role in the formation of the water-insoluble proteins. The relatively high level of K2P in aged normal human lens reveals its potential importance in the aging and in the pathogenesis of cataracts.
For the past two decades, cross-links such as pentosidine, vesperlysine A, imidazolium cross-links (MOLD, GOLD), and glucosepan were detected in human lens proteins. Pentosidine and vesperlysine A, like K2P, exhibit UVA absorbance and increase with the age, but the levels of these AGEs are only 2 to 10 pmol/mg of lens proteins in aged normal human lenses, increasing to 20 pmol/mg of lens proteins in cataract lenses (21) . K2P was present at 260 pmol/mg of lens protein in aged normal human lens, it increased to 610 pmol/mg of lens protein in brunescent cataract lens (Fig. 9 ). GOLD and MOLD increased with the age, too, and reached about 60 and 160 pmol/mg protein, respectively, in aged normal human lenses (23), but they had no absorbance in the UVA region. Therefore, as with yellow chromophores in human lens, K2P appears to be a major UVA sensitizer and protein cross-link identified to date. Indeed, K2P can be oxidized by UVA irradiation (data not shown). Determining the photochemistry of K2P will be one of our future objectives. The glucosepan level was reported to be 160 -200 pmol/mg of lens protein in both aged normal human and brunescent cataract lenses (24) . It seems a good marker for evaluating lens protein cross-linking.
Taken together, K2P may serve as a useful bio-marker for assessing the role of lens protein modification and coloration in aging and in the pathogenesis of cataract. There is no clear data now showing the formation pathway of K2P, even though we found an identical signal of m/z and retention time by LC-MS from an enzymatic digest of ascorbic acid modified calf lens proteins. To clarify this, the origin of K2P is being pursued.
